Trichome characters are often considered to be taxonomically important in oak species. In this article, we investigate a group of Mediterranean oaks, Quercus subsection Galliferae and Q. pubescens, using a large dataset and covering the entire distribution range of the group. As a result of the different interpretations of terms in previous studies, trichome terminology was re-assessed aiming to obtain a practicable nomenclature. In contrast with previous studies, we found that acicular, bifurcate, fasciculate, stellate, uniseriate and capitate trichomes are represented in all taxa. One exception is the lack of bifurcate trichomes in Q. canariensis. This suggests that seemingly taxonomically informative presence/absence data for trichome types, as reported previously, may be the result of too small a sample size, and this may be unrepresentative. In combination with other morphological characters (leaf shape, size and texture), features of the indumentum, such as the floccose, easily removable trichomes in Q. canariensis, can be important in species delimitation. The use of trichome characteristics in Quercus subsection Galliferae requires exhaustive sampling of all taxa in order to extract a reproducible taxonomic signal from quantitative characters. This is the prerequisite for building datasets that can be used for phylogenetic analyses, investigations of character evolution and comparative morphological studies.
INTRODUCTION
Plant hairs are present on most aerial parts of flowering plants, at least in the juvenile state (Kaussmann & Schiewer, 1989) . Their diversity and abundance make them ideal objects for investigations in plant morphology and anatomy, providing information on taxonomy, ecology, physiology and development (Payne, 1978) . Nevertheless, ambiguous descriptions of hair types, inconsistencies in nomenclature and unproven functional assignments have led to a state of confusion in trichome classification. The most commonly used functional distinctions, such as 'glandular' and 'nonglandular', are often misleading (Werker, 2000) . As stated by Hummel & Staesche (1962) , functional properties of plant hairs may not be disregarded, but they should not form the basis for a classification, as trichomes commonly change their function during the course of ontogeny. Functional properties of different trichome types include insulation of the leaf from excessive heat, excretion of salt by glandular hairs and protection against insects and fungi (Esau, 1977; Aas, 1998; Werker, 2000 ; see also Wagner, Wang & Shepherd, 2004) . Generally, the function of a particular trichome type may remain obscure without further physiological investigation, and a useful taxonomic classification should be based on the evaluation of all available morphological characters. As stated by Theobald, Krahulik & Rollins (1979) , the best method to convey the results obtained and their interpretation is by providing figures.
In taxonomic studies of Quercus L., epidermal characters are commonly used to delimit species (Aas, 1998; Nixon, 2002) . One of the first researchers to use trichome characters for the classification of infrageneric groups of Quercus was Schwarz (1936) , who considered the presence or absence of fasciculate and stellate hairs and their intermediate forms ('Büschel-haare', 'Sternhaare' and 'Stern-büschelhaare', respectively) as one of the main characteristics to distinguish taxa. A contemporary publication by Dyal (1936) provided a key for eastern North American Quercus spp. which is entirely based on vegetative features, with the extensive use of indumentum characters (cf. Aas, 1998) . With regard to the individual trichome types, Camus (1934-54) offered detailed information in her comprehensive three-volume monograph of Quercus. In well-illustrated anatomical sections for each species, all basic trichome types were circumscribed. Camus (1936-38) also stated explicitly for the first time that the characteristics of the indumentum may be reliably used to distinguish between closely related species.
Camus was the most recent author who treated the genus in its entirety (Govaerts & Frodin, 1998) , but trichome types found in Quercus were first studied comprehensively after the introduction of the scanning electron microscope (SEM). For North American oaks, Hardin (1976 Hardin ( , 1979a documented and classified the trichomes of the foliar indumentum using SEM. Hardin (1979a) also emphasized the hitherto neglected fact that there is a difference between the adaxial and abaxial sides of the epidermis with regard to the trichome types. A comparative study of all genera of Fagaceae using foliar epidermal features was carried out by Jones (1986) . Subsequently, various authors studied the leaf epidermis of Quercus spp. from Europe and Asia Minor, with an emphasis on the Mediterranean region (e.g. Safou & SaintMartin, 1989; Uzunova & Palamarev, 1993; Aas, 1995; Llamas et al., 1995; Bussotti & Grossoni, 1997; Uzunova, Palamarev & Ehrendorfer, 1997 ; see additional references in Aas, 1998) . Many of these studies are geographically restricted and do not use a sufficiently large dataset to document natural variation. As stated above, inconsistent trichome terminology adds to the difficulty in comparing the results of the published accounts.
In this study, the epidermal features of a group of closely related Quercus taxa were investigated. Quercus subsection Galliferae (Spach) Guerke, a group with a disjunct distribution in the Mediterranean region, comprises six accepted taxa (IOPI, 1996 (IOPI, -2007  see Table 1 (Schwarz, 1993) , was chosen as outgroup and included in the analysis.
A main objective was to document the range of morphological variability (indumentum features, trichome types and wax structures observable by SEM) by studying samples from the entire distribution ranges of the species investigated. The different usage of names for specific trichome types by previous authors is compared and reference is made to the terminology used in the present study (Table 2) . Furthermore, the importance of micromorphological characters for taxon delimitation is evaluated.
MATERIAL AND METHODS
Plant material for this study was collected during several field trips covering the distribution area of the investigated taxa. Samples were collected in Portugal, Spain, northern Africa, Central Europe, Turkey and Iraq. As a result of the marked morphological variability of oak leaves (termed 'heterophylly' by Menitsky, 2005: 20) , care was taken to sample twigs from different parts of each individual plant. The majority of specimens were collected during the fruiting period (August to November); a few specimens of Q. canariensis were sampled in spring, when the leaves still bear a dense indumentum. All samples used in this study are stored at S (Swedish Museum of Natural History, Department of Palaeobotany). A complete list of specimens is provided in Appendix S1.
For micromorphological investigations, two small squares of 7 ¥ 7 mm 2 were cut from the central part of a leaf, including the midvein, and from the leaf margin. The specimens were mounted on aluminium stubs without further treatment and sputter coated with gold. Microscopic examination was performed using a Hitachi S-4300 SEM at 3 kV and 5 mA with a working distance of 35 mm. The length and width of all observed trichome types and stomata were measured on the SEM images using the software ImageJ (version 1.43u; Rasband, 1997 Rasband, -2009 ). The length of solitary acicular, uniseriate and bulbous trichomes was measured from the point of attachment (excluding the base) to their distal end. For compound (fasciculate and stellate) trichomes, a maximum of five arms was measured from their point of attachment (excluding pedestal in fasciculate trichomes) or the centre of the central disc (stellate trichomes) to the distal end of the arm. The width of the solitary trichomes and the arms in compound trichomes was measured at the middle of their length. For bulbous trichomes, the maximum width of the multicellular head was measured. The measurement of stomata dimensions was difficult in Q. faginea ssp. broteroi and Q. pubescens because of wax crystals that frequently masked the guard cells. Only stomata were measured for which the orientation of the stomatal aperture and the borders of the guard cells were recognizable.
Trichome description and terminology are based on Uphof (1962) , Payne (1978) and Theobald et al. (1979) . Additional terms used are derived from 8, 9, 12, 15, 37-39, 73-86, 88, 89, 136- Jonsell (2004) and stomata are classified according to Wilkinson (1979) . The classification and description of epicuticular wax structures follow Barthlott et al. (1998) . Quantitative analyses were performed using the software R (version 2.9.2; R Development Core Team, 2009), partly applying the 'sm' package for density estimation curves (Bowman & Azzalini, 1997 , 2003 . We primarily used box plots to show the distribution of length values and their variance. The horizontal, thick black bar within a box denotes the median value, and the top and bottom of the box show the 75th and 25th percentiles, respectively. The box thus contains 50% of the data points. The whiskers above and below the box show the maximum and minimum values, respectively (Crawley, 2005) . Outliers are indicated separately by small circles and, in this case, the whiskers show 1.5¥ the interquartile range of the data, which corresponds to about two standard deviations (Crawley, 2007) . Box plots illustrate well the possible differences between independent variables (Potter, 2006; Everitt & Hothorn, 2010) . For the com- Based on the presence/absence data of the different trichome types (Table 4) , a dissimilarity matrix for the investigated taxa was constructed. The character states were coded as follows: trichome type absent, 0; short, 1; medium, 2; long, 3 (Table 6 ). Absolute character differences between all taxa were inferred using PAUP* (Swofford, 2002) .
RESULTS
Below, a brief description of each trichome type is given, followed by a characterization of the indumentum and the observed wax types. These results are then placed into context in a section on comparative morphology. TRICHOME TYPES Trichome (hair) types can be classified into simple and compound trichomes, in which the former may be the modules of the latter. For compound trichomes, individual cells cannot usually be distinguished in scanning electron micrographs. Thus, the description of trichome types focuses on the external description of the trichome morphology. Generally, acicular, bifurcate, fasciculate and stellate trichomes are characterized by thick-walled individual cells, whereas the constituent cells of uniseriate and capitate trichomes are usually thin walled (Jones, 1986; Aas, 1998 ; see also Llamas et al., 1995) . In the following, acicular and bifurcate trichomes are taken together as 'simple', fasciculate and stellate trichomes as 'modular', and uniseriate and capitate trichomes as 'multicellular'. The presence or absence of the trichome types in the taxa investigated is summarized in Table 4 .
Acicular ('whip') (Figs 4A, B, (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (127) (128) (129) Description. Unicellular, single hair; acicular, i.e. needle-shaped, shorter hairs occasionally subulate or ornithorhynchous, i.e. shaped like a bird's bill (see Payne, 1978 for an explanation of terms); hairs often undulated, occasionally twisted, protruding, rarely adpressed to epidermis; hair surface smooth or slightly verrucose to tuberculate, verrucae slightly lengthwise elongated; hair base absent, but adjacent epidermal cells occasionally pillow-like inflated around the point of attachment (Figs 19, 20, 32) ; length of trichome on the adaxial (upper) side 107-571 mm, mean 244 ± 141 mm, median 182 mm, width adaxial 5.7-16.5 mm, mean 12 ± 3 mm, median 11 mm; length of trichome on the abaxial (lower) side 55-853 mm, mean 329 ± 199 mm, median 289 mm, width abaxial 8-26 mm, mean 13 ± 3 mm, median 13 mm; highest length values of all trichome types; trichomes occasionally collapsed as a result of the loss of their cellular contents (partly in Figs 19, 22 ).
Occurrence. Acicular trichomes occur on both sides of the leaf in all investigated taxa, except for both Q. infectoria sspp., in which this hair type is absent on the adaxial (upper) side of the leaf (Tables 3 and 4 ). The trichome type is primarily found along the veins, less commonly in intercostal fields. Along the veins, the hairs are predominantly oriented parallel to the venation, pointing to the distal end of the lamina. The longest hairs are found along the primary vein.
Remarks. In Q. lusitanica, acicular hairs are significantly longer on the abaxial (lower) lamina than on the adaxial (upper) side ( Fig. 145 ; Table 5 ). They are generally less variable in length on the adaxial (upper) lamina in all taxa, except for Q. pubescens (Fig. 145) .
Bifurcate ('fork') (Figs 4C, D, (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (130) (131) (132) Description. Bicellular, double or twin hair, consisting of two arms originating from a common point, lengths of the two arms occasionally differing considerably (Figs 44, 47, 53) ; in some cases, the short bifurcate trichomes are narrowly cone shaped (e.g. 49, 50, 53) ; individual arms acicular to subulate; hairs straight to slightly undulated, occasionally twisted, in most cases adpressed to epidermis, especially in the case of smaller hairs, occasionally erect, angle between arms in most cases < 90°; hair surface slightly to modestly verrucose to tuberculate, in some cases spirally parallel striate; hair base absent, but adjacent cells in a few cases pillow-like inflated around the point of attachment (Figs 42, 48) ; length of a single trichome arm on the adaxial (upper) side 97-495 mm, mean 232 ± 89 mm, median 219 mm, width adaxial 7-14 mm, mean 10 ± 2 mm, median 10 mm; length of a single trichome arm on the abaxial (lower) side 43-551 mm, mean 170 ± 106 mm, median 131 mm, width abaxial 6-16 mm, mean 10 ± 2 mm, median 9 mm.
Occurrence. Bifurcate trichomes occur in Q. infectoria sspp. infectoria and veneris exclusively on the abaxial (lower) epidermis, but on both sides of the lamina in the remaining species. Although Camus (1938-39) reported bifurcate trichomes in Q. canariensis, we could not detect them on either young or mature leaves (but compare Figs 37-39). In those species in which they are present, bifurcate trichomes are predominantly found along veins.
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Remarks. Bifurcate trichomes have not been considered previously as a distinct type for Quercus, and most authors treat them as either stellate or fasciculate trichomes. Camus (1938-39: 170) mentioned and figured 'twin hairs' ('poils géminés') for Q. lusitanica, and illustrations of this trichome type are also given for Q. canariensis and Q. pubescens (Camus, 1935-36) . However, Camus regarded bifurcate hairs as a subtype of acicular trichomes and generally did not provide a clear classification of hair types, as epidermal features were rather supplemental in her work (cf. Camus, 1934-54) . Jones (1986: 264) reported a 'type 9' trichome as 'appressed parallel tuft'. Although he mentioned this type to be nearly exclusively restricted to the genus Lithocarpus Blume (see also Kvaček & Walther, 1987 ), it appears to be similar to some of the smaller bifurcate trichomes described here (Figs 42, 48, 50, 51, 53) . The figured examples of Jones' type 9 trichomes (cf. Jones, 1986: figs 22, 23) surround the stomata on the abaxial side of the leaf, partly covering these. A similar arrangement of 'tufted' hairs around the stomata has been found in tropical and subtropical Quercus spp. (Uphof, 1962) . The length of the bifurcate trichome type varies considerably on the abaxial lamina of Q. lusitanica and Q. pubescens (Fig. 146) .
Fasciculate 6, 10, 18, (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) (67) (68) (69) (70) (71) (72) (133) (134) (135) Description. Multicellular, compound trichome, arranged in tufts of three to nine arms that originate from a common point; individual arms acicular or subulate, occasionally flattened laterally as a result of the loss of the cellular content (partly seen in Figs Occurrence. Fasciculate trichomes occur on both sides of the lamina in all investigated taxa, except for Q. canariensis and Q. infectoria ssp. veneris, in which they are only found on the abaxial (lower) side of the leaf. This trichome type occurs both on veins and in intercostal areas.
Remarks. Several varieties of this trichome type have been described in the literature (e.g. Llamas et al., 1995; Uzunova et al., 1997; see Aas, 1998 for a discussion of transitional forms). A distinction is commonly made between 'fasciculate', the most common type, and 'stipitate fasciculate', in which the arms of the trichome are fused over a considerable length of its basal portion (Jones, 1986; Uzunova et al., 1997; see Figs 68, 69, 135) . However, this subdivision seems to be unnecessary as intermediate forms are frequently found and splitting of this group into a larger number of subtypes complicates the clear recognition of a particular trichome type. In addition, there are transitional forms to stellate trichomes (Figs 8, (37) (38) (39) 58, 70) which make a distinction between the 
Upper two types difficult in some cases (cf. Aas, 1998) . Fasciculate trichomes are relatively ephemeral. This is clearly seen in Q. canariensis, in which whole bunches of fasciculate hairs turn rusty-orange long before the senescence of the leaf (cf. Camus, 1938-39) , probably as a result of the accumulation of secondary plant compounds, and then are shed or easily rubbed off, or may occasionally remain along the veins (Fig. 6 ). Fasciculate trichomes have significantly longer arms on the abaxial (lower) side of the lamina than on the adaxial (upper) side in Q. lusitanica and Q. infectoria ssp. infectoria. In the latter taxon and, especially, in Q. pubescens, there is considerable variation in arm length of this trichome type on the abaxial (lower) side (Fig. 147) .
Stellate (Figs 4H, J, 8, 9, 12, 15, (37) (38) (39) (73) (74) (75) (76) (77) (78) (79) (80) (81) (82) (83) (84) (85) (86) (87) (88) (89) (90) (136) (137) (138) Description. Multicellular, compound trichome, with 3-16 subulate to acicular arms radiating from a common origin parallel to the epidermis, with partly considerable differences in length of the individual arms (Figs 74, 75, 86, 137) ; surface of the arms modestly verrucose to tuberculate, with longitudinally elongated verrucae, or nearly smooth; hair base absent, but attachment point slightly rising above the surrounding epidermis (Fig. 4J) , trichomes adpressed to epidermis; length of a single trichome arm on the adaxial (upper) side 72-369 mm, mean 139 ± 42 mm, median 129 mm, width adaxial 5-16 mm, mean 10 ± 2 mm, median 10 mm, number of arms adaxial 3-14, median seven; length of a single trichome arm on the abaxial (lower) side 53-582 mm, mean 156 ± 63 mm, median 143 mm, width abaxial 6-22 mm, mean 10 ± 2 mm, median 10 mm, number of arms abaxial 3-16, median seven; stellate trichomes are usually persistent and may form a dense indumentum.
Occurrence. Stellate trichomes occur on both sides of the leaf in all investigated taxa. They are found predominantly in the intercostal fields, only occasionally on the veins. The hair density is usually much lower on the adaxial (upper) side of the leaf compared with the abaxial (lower) side.
Remarks. Several varieties of stellate trichome have been described, most notably the fused stellate and multiradiate or rosulate types (Hardin, 1979a; Jones, 1986; Llamas et al., 1995) . Regardless of whether or not such a distinction is meaningful, only a few forms have been found in this study that could be assigned to the fused stellate type (Figs 87, 90) . Considering the transitional forms (cf. Fig. 89 ), it seems unnatural to further subdivide the stellate variants observed here. There is relatively little variation in length for stellate trichomes between the species compared with the other hair types ( Fig. 148 ; see also Figs 149, 150). ++600 ++400 ++500 ++400 ++180 ++100 +++900 +++600 +++900 +++600 L, length; W, width; SD, standard deviation; a, number of arms per compound trichome; Min., minimum value; Max., maximum value; AM, arithmetic mean, except for number of arms (a): median. Values: per trichome arm; all in micrometres (mm).
L, length; W, width; SD, standard deviation; a, number of arms per compound trichome; Min., minimum value; Max., maximum value; AM, arithmetic mean, except for number of arms (a): median.
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Uniseriate (Figs 4K, 91, 92, 94, 97, 100, 101, 103, 104, 106, 139, 140 Occurrence. Uniseriate trichomes occur in all investigated taxa, but are in all cases restricted to the abaxial (lower) side of the leaf, where they are found both on veins and in intercostal fields, but predominantly in the latter.
Remarks. According to Jones (1986) , this hair type is the most basic glandular trichome, occurring in all subfamilies of Fagaceae. Aas (1998: 22) subdivided the type further into 'bulbous' ('bulbose Haare') and 'uniseriate' ('einreihige Haare'). Although the former corresponds to the uniseriate trichome type as used here, 'uniseriate' hairs sensu Aas were not found among the members of Quercus subsection Galliferae or Q. pubescens; this hair type may be present only early in the growing season. In contrast, uniseriate trichomes in the sense of the present study are commonly present on specimens when all other types have fallen off, especially in Q. canariensis and Q. pubescens. Quercus faginea ssp. broteroi shows a considerable variability in length for this trichome type (Fig. 151) .
Capitate (Figs 4L, 93, 95, 96, 98, 99, 102, 105, 108, 141) (Fig. 96) .
Occurrence. Capitate trichomes occur in all investigated taxa, but are restricted to the adaxial (upper) epidermis of the leaf. They are predominantly found along veins, but may also be found in intercostal areas.
Remarks. Together with uniseriate hairs, capitate trichomes are frequently present, although the latter are usually much less common in number. The longest capitate trichomes are found in Q. canariensis ( Fig. 152 ; Table 5 ).
FOLIAR INDUMENTUM
If hairs of any kind are present, the indumentum as the outer covering affects the texture of the plant surface. Terms used to describe the indumentum are less straightforward than the existing trichome terminology (Judd et al., 1999) . In the following, a brief description of the adaxial (upper) and abaxial (lower) sides of the leaf is given.
Adaxial (upper) epidermis
Description. Upper leaf lamina luscious green (Q. canariensis) to whitish or bluish green and glaucous to nitidous in appearance, in most cases lustrous; venation slightly protrudent, at least the primary and secondary veins; lamina glabrescent or glabrate, a few clusters or single hairs usually restricted to the major veins.
Remarks. An indumentum on the adaxial side that persists after the unfolding of the leaf could usually easily be rubbed off in all investigated taxa. In most cases, the leaves are glabrate in the mature state. Remarks. An assessment without magnification (i.e. without a magnifying glass or dissecting microscope) does not, in most cases, reveal the presence of the fine covering of stellate hairs, which is frequently present in both subspecies of Q. faginea and in Q. lusitanica.
EPICUTICULAR WAX
The cuticle is generally covered by a thin film, which is usually only a few nanometres thick. On this, the visible wax structures are superimposed (Barthlott et al., 1998) . A general overview on the quality of the epicuticular wax layer can be gained without a microscope by investigating the colour and shininess of the leaf surface. If the appearance of the lamina is dull and has a rather faded colour, the epicuticular waxes will be more crystallized and finely articulated and thus diffusely reflect the light. Clear, strong colours and a shiny appearance of the lamina point to a relatively smooth and amorphous state of the wax cover because it reflects the incident light more directly (G. F. Tschan, pers. observ.; cf. Wilkinson, 1979) . In the investigated taxa of Quercus subsection Galliferae and Q. pubescens, there is a clear difference in the structure of the waxy layer between the adaxial (upper) and abaxial (lower) epidermis. (Figs 109, 112, 115, 118, 121, 124, 142) Description. Upper leaf lamina in most cases with a shiny, darker green appearance than the lower side; wax cover on cuticle a crust, with two types possible: Remarks. The more complex wax structures, such as the platelets, seem to emerge from the smooth, amorphous film that covers the whole adaxial lamina, so that, in successive stages of development, a higher morphological diversity is visible. The smoothest upper epidermis was found in Q. lusitanica (Fig. 118) , whereas Q. pubescens showed generally the highest degree of platelet crystallization. However, even in Q. pubescens, the adaxial side never reaches a morphological complexity as seen on the abaxial (lower) epidermis of all the investigated taxa. Nevertheless, there seems to be a slight difference in the shape of the wax crystals between the western members of Quercus subsection Galliferae (Q. canariensis, Q. faginea with its two subspecies and Q. lusitanica; Figs 109, 112, 115, 118) and the eastern members Q. infectoria ssp. infectoria and ssp. veneris (Figs 121, 124) . This can even be seen within Q. pubescens, which connects the range of the above-mentioned taxa. Individuals of all taxa from the western Mediterranean have granules on their adaxial side, but the investigated individuals from the eastern Mediterranean show a development of platelets on the upper epidermis. The sample size used here does not allow us to reach any further conclusions about the significance of this observation. (Figs 110, 113, 116, 119, 122, 125, 143) Description. Lower leaf lamina usually with a whitish, dull appearance; wax cover on cuticle crystallized out, in most cases to cover the entire surface, including the guard cells of the stomata; wax crystals in the shape of nonentire platelets, occasionally nonentire plates, densely, but irregularly arranged, oblique, mainly with a steep angle to the surface, frequently appearing to be packed in stacks of about three to five platelets (Fig. 110) , less commonly platelets membranous (Fig. 119) ; platelets and plates in many cases with highly fringed or tattered edges (especially in Q. faginea and Q. lusitanica; partly visible in Figs 113, 116, 119) ; platelets or plates partly varying considerably in size, then arranged in clusters of the different sizes (Fig. 113) .
Adaxial (upper) epidermis

Abaxial (lower) epidermis
Remarks. In all cases, the lower leaf lamina showed a more complex structure of wax crystals than the upper side of the leaf. Unlike the upper leaf lamina, the wax platelets did not exhibit any traceable orientation pattern. In some cases and restricted to a few patches on the lower epidermis, including the guard cells of the stomata, the waxy layer still showed the smooth, amorphous condition prior to crystallization (e.g. Figs 49 , 50, 100, 101). However, along the margin of these patches, early crystallization of platelets could easily be seen and, in the mature state of the leaf, the guard cells of the stomata are all covered by wax platelets in all taxa investigated here (see below).
Stomata (Figs 111, 114, 117, 120, 123, 126, 144) Description. Shape of stoma oval and oblong to nearly circular; guard cells equal in shape and width, covered with irregularly oriented wax platelets similar to those of the remaining epidermis, occasionally stoma completely covered with membranous wax platelets, which are then larger than those of the surrounding epidermis (Q. faginea ssp. broteroi, Fig. 117 ; common also in Q. pubescens; Fig. 144) ; in a few cases, stomatal apparatus and surrounding epidermis covered with amorphous, smooth wax, i.e. before complete crystallization of plates and platelets; length of stoma 21-40 mm, mean 28 ± 3 mm, median 28 mm, width of stoma 15-35 mm, mean 22 ± 3 mm, median 22 mm (see Fig. 157 ), length/width ratio of stoma 0.8-1.7, mean 1.3 ± 0.2, median 1.3 (Fig. 156) ; type of stomatal apparatus indeterminable with SEM.
Remarks. Denk & Grimm, 2010) have smooth guard cells without wax platelets (Liang, Jen & Liu, 1990; Bussotti & Grossoni, 1997; Uzunova et al., 1997) . One exception is the narrow endemic Q. alnifolia Poech (section Ilex) with wax crystals on the lower leaf surface (Bussotti & Grossoni, 1997) . However, care must be taken when investigating specimens of white oak (Group Quercus, Denk & Grimm, 2010) , in which the wax layer may not yet have crystallized into plates and platelets, as described above.
COMPARATIVE MORPHOLOGY
The foliar micromorphology of the taxa included in Quercus subsection Galliferae and Q. pubescens provides few discrete characters that can be used in taxon delimitation. Most differences fall into the category of variation and are continuous rather than categorical. The trichome types described are present in all the investigated taxa, with the exception of bifurcate trichomes, which were not observed in Q. canariensis. Quercus infectoria ssp. infectoria and ssp. veneris differ from the remaining taxa by lacking acicular and bifurcate trichomes on their adaxial epidermis; the latter taxon also lacks fasciculate trichomes on the upper side of the leaf. Clear fasciculate trichomes were also not observed on the adaxial epidermis of Q. canariensis (Table 4) . The remaining evidence, mainly quantitative traits, such as length, includes characters that are frequently overlapping. A comparison of trichome (i.e. trichome arm) lengths in box plots (Figs 145-152) does not reveal any general pattern. In the case of acicular, bifurcate, fasciculate and stellate trichomes (traditionally classified as 'nonglandular' hairs), Q. canariensis and Q. pubescens show a tendency to long hairs. However, Q. lusitanica has the longest acicular and bifurcate hairs, but also shows the largest variation in length values (Figs 145, 146 ). In addition, large differences in hair length and variation between the upper and lower epidermis were observed in this taxon (Fig. 145, Tables 4 and 5) . (Fig. 147) . In the case of the stellate trichome type, the pattern becomes clearer, because the values are more normally distributed . Quercus canariensis and Q. pubescens possess the longest trichomes, but the length values for the adaxial side are significantly larger for Q. canariensis than for all the remaining taxa (Table 5; Figs 148, 149). For the multicellular trichomes, the pattern again becomes more diffuse, with length maxima for the uniseriate type found in Q. faginea ssp. broteroi (Fig. 151) , whereas the longest capitate trichomes are found in Q. canariensis (Fig. 152) .
With regard to the number of arms per modular trichome, the maximum median value for the fasciculate trichome type is found in Q. faginea ssp. broteroi and the maximum median value for stellate trichomes in the same taxon and Q. lusitanica. In general, the decrease in arm length coincides with an increase in the number of arms (Fig. 155) .
The position of the trichome types on the leaf lamina did not show a clear pattern. Thus, acicular trichomes are found mainly and, in Q. infectoria ssp. Boisseri, exclusively, along the veins. Although this is also largely true for the bifurcate hair type, fasciculate trichomes are mainly found in the intercostal areas, except, again, for Q. infectoria ssp. veneris, in which they are more common along the veins. Stellate and uniseriate trichomes are predominantly found in intercostal areas, whereas capitate trichomes occur both on veins and in intercostal areas.
The trichome type most frequently shed is the fasciculate type. This is mainly the case in Q. canariensis, both Q. infectoria sspp., but is also common in Q. pubescens. In the latter species and Q. infectoria ssp. infectoria, pedestal-like hair bases were found remaining on the epidermis and indicate the former position of the shed fasciculate trichomes (Figs 13,  17) .
The differences found in the epicuticular wax are described under the corresponding section (see above). Generally, there are no clear characters available that can be used for meaningful taxon delimitation. Details of the stomata are difficult to describe in SEM investigations, and light microscopy should be used to investigate them. However, the presence or absence of epicuticular wax platelets on the abaxial epidermis (and the guard cells) is of systematic significance, but only at taxonomic levels above the species. In addition, the values obtained for stomata size revealed that both Q. faginea sspp. possess the largest and Q. lusitanica the smallest stomata (Fig. 157) . At the same time, the latter shows the highest length/width ratio, i.e. the most elongated shapes, whereas Q. faginea ssp. veneris had the lowest ratio, approaching a circular shape (Fig. 156) .
DISCUSSION
The value of plant hairs for taxonomy has been emphasized by many authors (e.g. Uphof, 1962; Napp-Zinn, 1973; Judd et al., 1999) . However, depending on the plant group investigated, trichome characters are informative at different taxonomic levels (cf. Jones, 1986; Uzunova et al., 1997) . For Quercus, nearly all authors consider characters of the indumentum or single trichome types to be important for species delimitation, especially in regional floras (e.g. Amaral Franco, 1990; Schwarz, 1993 ; see also Menitsky, 2005) . Most commonly used are qualitative assessments, such as the presence or absence of certain trichome types (e.g. Schwarz, 1936; Llamas et al., 1995; Bussotti & Grossoni, 1997; Uzunova et al., 1997) . Often, this information is supplemented by quantitative data, such as trichome density (Uzunova et al., 1997) or hair length (Bussotti & Grossoni, 1997) . Differences in hair length have been used to delimit taxa, e.g. Q. faginea ssp. faginea and Q. faginea ssp. broteroi (Amaral Franco, 1990) . Furthermore, Llamas et al. (1995) treated the latter as a distinct species [i.e. Q. broteroi (Coutinho) Rivas Mart. & Sáenz de Rivas] based on the observation that the multiradiate (i.e. stellate) trichomes are thin walled and collapse when they dry out. Apart from the fact that it is hardly discernible from scanning electron micrographs whether the constituent cells of hairs are thin or thick walled, collapsed individual trichomes can be found in all taxa, especially on the adaxial side of the leaf (e.g. Figs 19, 46, 60, 78) .
None of the published accounts, including the present study, arrive at the same conclusion with regard to the trichome types present in a given taxon (Table 3 ). The two latest studies dealing with epidermal features of Quercus subsection Galliferae (Bussotti & Grossoni, 1997; Uzunova et al., 1997) do not clearly distinguish between the adaxial and abaxial sides of the lamina, although the importance of this distinction was stressed by Hardin (1979a) . None of the earlier studies found all of the trichome types that are reported here. The earliest study on this subject including precise descriptions, that by Camus (1938-39) , is also the most detailed and closest to our results.
DATA QUALITY AND SAMPLE SIZE
Taking natural variation into account, it is clear that a large amount of data are needed to evaluate the significance of epidermal characteristics and, for both qualitative and quantitative assessments of trichome types, it is necessary to draw on a sufficiently large dataset. The weakness of nearly all previous studies is that they rest on comparatively small sample sizes, as illustrated by the contradictory results from these studies (Table 3 ). In contrast with previous investigations, in the present study, most trichome types were observed in all the species investigated. One exception is the presence of fasciculate trichomes on the adaxial (upper) lamina of Q. canariensis, which were reported by Camus (1938-39) , Safou & Saint-Martin (1989) and Llamas et al. (1995) , but were not observed by us. The reason for this could be that most specimens used for the present study were collected in the summer, when these trichomes would have been shed from the adaxial lamina. In addition, we excluded a number of samples from northeastern Spain that might belong to Q. pubescens. Nevertheless, for instance, for Q. lusitanica, Camus (1938-39) and Llamas et al. (1995) reported seven and six of 12 possible trichome types, whereas, in the present study, we documented ten types for the same species (Table 3) . Based on an increased sample number, we demonstrate that the trichome types found in Quercus subsection Galliferae cannot reliably be used for taxon delimitation in most cases.
Generally, quantitative data should be used with care for taxon delimitation, especially in cases of overlapping variability, as is often the case in the group of Quercus taxa investigated here. For instance, although a clustering of certain trichome lengths is clearly visible, particularly for the acicular and bifurcate types (Figs 145, 146) , the size classes given in Table 4 do not represent natural groups, and intermediate values are common. Thus, using trichome length to distinguish between taxa, such as Q. faginea ssp. faginea and ssp. broteroi, as suggested in Flora Iberica (Amaral Franco, 1990) , is problematic. Although a tendency to slightly longer stellate and fasciculate trichomes in ssp. broteroi is evident ( Fig. 148; Table 5 ), the values clearly overlap with those of ssp. faginea and therefore do not justify taxonomic differentiation (cf. Figs 149, 150) . Together with other distinguishing characters, such as larger leaves, a slightly larger number of secondary veins and more rounded teeth (cf. Amaral Franco, 1990) , the two subspecies are not separated by discrete morphological characters, but rather connected by gradual changes. This gradient, which is generally from north to south from northern Spain to North Africa, is also seen in the degree to which the leaves are lobed, the length of the petiole and the size of the cupule (G. F. Tschan & T. Denk, unpubl. data) . Thus, in order to cover the morphological variability of Q. faginea fully, it is important to investigate samples from the entire distribution range.
THE ECOLOGICAL ROLE OF TRICHOMES AND WAX
It has been mentioned previously that the role of trichomes may be unrelated to the water balance of a plant, or at least that their function is much more complex than a simple reduction in evapotranspiration (Levin, 1973; Johnson, 1975; Aas, 1998; Werker, 2000; Wagner et al., 2004; Calo et al., 2006) . Living trichomes increase the area of transpiration, whereas trichomes without living cell contents reduce the transpiration and provide protection against radiation (Kaussmann & Schiewer, 1989) . Functions of trichomes include, among others, defence against insects, mammals and fungi, both mechanical and chemical (through secretory trichomes), water repellence and light protection. In many plant species, herbivory can increase trichome production and stimulate the production of defensive compounds from glandular trichomes (reviewed in Haworth & McElwain, 2008) .
For three species of Betula L., Valkama et al. (2004) found that the density of glandular trichomes decreased throughout leaf development, whereas the total number of glandular trichomes did not change. At the same time, the concentrations of leaf surface flavonoids decreased during leaf development, reaching their lowest concentrations approximately as the leaves had reached their full size. Glandular trichome density and the concentration of epicuticular flavonoids were highly correlated in all three Betula spp. Hence, Valkama et al. (2004) suggested that phenolics in glandular trichomes may be important in resistance to herbivores in Betula. In addition, Rautio et al. (2002) showed that the ratio between glandular and nonglandular trichomes in Betula changed considerably after defoliation during the previous or current summers. Based on this observation, the authors suggested that trichome quality and density, as potentially defensive morphological traits, are developmentally highly plastic. Brewer, Smith & Vogelmann (1991) investigated 38 plant species and found that leaves with trichomes were more water repellent, especially in cases of plants with a dense indumentum. At the same time, some species retained water droplets by entrapping them between trichomes. Water repellence may be important for CO 2 uptake as the gas diffuses much more slowly through water than through air (Larcher, 2001) . Lensing effects of droplets are also important, as they influence stomatal function and transpiration Fig. 139 , uniseriate, abaxial, T Denk 19950620; Fig. 140, uniseriate, abaxial, T Denk & GW Grimm 2006057; Fig. 141, capitate, adaxial, T Denk 19950620. Figures 142-144 . Epicuticular wax types, T Denk 19950812: Fig. 142, adaxial; Fig. 143,  abaxial; Fig. 144 processes. In addition, water repellence contributes to the self-cleaning of the leaf surface (reviewed in Haworth & McElwain, 2008) . According to Aas (1998) , not much is known about the composition and mode of secretion in glandular trichomes of European white oaks. Nonetheless, also in Quercus, the abaxial and adaxial surfaces of young leaves are densely covered with trichomes, both glandular and nonglandular. These may have a protective function against fungi and insects, may optimize photosynthesis as a result of water repellence and may avoid too high temperatures at the leaf surface by reflecting solar radiation. At the later stages, these trichomes are shed more or less entirely on the (Fischer & Butzmann, 2006) . Some of the bifurcate trichomes (Figs 42, 48, 50, 51, 53) are similar to the 'appressed parallel tuft' occurring in Lithocarpus, previously regarded as nearly exclusively restricted to this genus (Jones, 1986: 264, see above; Zhou & Xia, 2011 ; see also Kvaček & Walther, 1987, for fossil Lithocarpus) . In addition, this type has been reported from Trigonobalanus Forman s.l. (Kvaček & Walther, 1988) . The phylogenetic relationships between Quercus and Lithocarpus/ Notholithocarpus Manos, Cannon & S.H.Oh are not well resolved (Manos, Cannon & Oh, 2008; Denk & Grimm, 2010) . In general, the bifurcate trichome type may represent a plesiomorphic character within Fagaceae, except for Fagus.
l u s i t a n i c a Q . i n f e c t o r i a s s p . i n f e c t o r i a Q . i n f e c t o r i a
For Quercus subsection Galliferae and Q. pubescens, a predominance of compound trichomes with an even number of arms occurring in the extant taxa is conspicuous. Camus (1938-39) considered the bifurcate trichome type as a variant of the acicular type. It seems likely that the former constitutes a basic type from which the compound fasciculate and stellate trichomes are derived, and thus bifurcate trichomes are recognized as a distinct type in the present study. This view is supported by the fact that uneven arm numbers in stellate and fasciculate trichomes are rare (Fig. 154) remaining taxa (Fig. 153) . Quercus lusitanica comes close to the value of four; the slightly lower median of 3.5 can be explained by a proportionally higher number of acicular trichomes occurring in this taxon. In some cases, the number of arms in compound trichomes may be a response to environmental conditions. For example, Brenner (1902) observed that, in tropical and subtropical Quercus spp., the number of arms in fasciculate ('tufted') trichomes surrounding the stomata increases with increasing insolation (cf. Uphof, 1962) .
Although the trichome arm numbers largely overlap, the variability for this character differs slightly between the investigated taxa, and is highest for Q. lusitanica (Fig. 153 ). This taxon also shows the highest variability for the length of the acicular, bifurcate and capitate trichome types, and for the length of stomata (Figs 145, 146, 152, 157) . Thus, it is the most variable taxon in subsection Galliferae with regard to epidermal features. In a dissimilarity matrix (Table 6) , Q. lusitanica appears to be more closely related to Q. faginea ssp. faginea than to Q. infectoria ssp. infectoria. This close relationship, especially to Q. faginea, is supported by the presence of a dense, persistent indumentum on the abaxial epidermis, the petiole and the annual shoot consisting mainly of stellate hairs, and a usually glabrescent adaxial lamina. The occurrence of Q. lusitanica in disturbed habitats, where it typically does not attain a tree-like stature (Amaral Franco, 1990) , renders it an 'extreme' ecotype of Q. faginea, which it resembles most closely in habitat and morphology (López Gonzáles, 2007) . A morphological evaluation based on a large dataset of macroscopic characters provided additional evidence for the inclusion of Q. lusitanica in Q. faginea (G. F. Tschan & T. Denk, unpubl. data) .
In addition to the presence or absence of bifurcate trichomes, the persistence of the indumentum is the only other character that is fairly constant considering the taxa investigated here. It has been observed previously that the fasciculate trichomes of several Quercus spp. are shed as soon as they have lost their living contents, especially on the adaxial (upper) side of the leaf (Uphof, 1962) . When reaching the mature state, the western Mediterranean Q. canariensis sheds nearly all foliar trichomes, leaving both the adaxial and abaxial epidermis glabrous. In this respect, the two eastern Mediterranean subspecies of Q. infectoria are similar, as they contain a large proportion of leaves with a low-density, glabrescent indumentum on the lower epidermis which subsequently becomes completely glabrous. A further parallel to Q. canariensis is found in the large proportion of glabrous adaxial leaf surfaces and glabrous or glabrescent petioles in Q. infectoria (G. F. Tschan & T. Denk, unpubl. data) . Thus, with regard to the quality of the indumentum, the closest relationship is between two disjunctly distributed members of subsection Galliferae and not between the sympatric Q. canariensis and Q. faginea. Based mainly on indumentum characters, this was already recognized by Schwarz (1936) , who postulated several sister group relationships with disjunct distributions in subsection Galliferae. According to Schwarz, series Orientales Kotschy includes the western Mediterranean Q. canariensis and the eastern Mediterranean Q. boissieri and Q. inermis, which are now both included in Q. infectoria ssp. veneris according to IOPI (1996 IOPI ( -2007 . Fossil leaves from the Pliocene of Italy (Fischer & Butzmann, 2006) may be representatives of the lineage leading to the modern members of subsection Galliferae. The fossil taxon thrived in humid warm temperate conditions, similar to those of modern Q. canariensis. Based on this, we suggest that Q. canariensis represents a remnant of a once widely distributed lineage in the Mediterranean region. As stated above, the remaining species of section Galliferae appear to be more derived and adapted to drier conditions.
CONCLUSIONS
Plant hairs, although present on most aerial plant parts, are only of restricted use for the taxonomy of Quercus subsection Galliferae. There is no clear presence/absence pattern of trichome types that allows unambiguous taxon delimitation, and all types are present in nearly all taxa. The exception is the lack of bifurcate trichomes in Q. canariensis. Bifurcate trichomes are recognized here as a distinct, basic type and are supposed to be the modules of the fasciculate and stellate compound trichomes. Each trichome type can include several, nonoverlapping size classes, but these do not correspond to natural groups and cannot distinguish between taxa as previously proposed. In contrast, the quality of the foliar indumentum, especially the persistence of hairs on the abaxial side of the leaves, differentiates a pubescent, western Mediterranean group and a glabrous, eastern Mediterranean group in subsection Galliferae. Quercus canariensis is persistently distinct from both groups in having a TRICHOME TYPES IN GALL OAKS 641 characteristic glabrescent, rust-coloured indumentums, and probably represents an ancient lineage of Galliferae, which was adapted to mesic climatic conditions. Generally, a large sample size covering the entire distribution range of the investigated taxa must be studied to cover natural variation, and both the upper and lower surfaces of the leaf must be studied separately. Although they are often referred to, little is known about the functional properties of trichomes, and further study is needed to clarify many ecological and evolutionary aspects of plant hairs in the genus Quercus.
